H epatic dysfunction is traditionally considered to indicate poor outcome in critically ill patients, but no large systematic investigation into its exact incidence and prognostic relevance has been performed (1) . Since no physiologic variable allows for early detection of hepatic dysfunction, current diagnostic criteria are based on laboratory tests, mostly serum bilirubin levels (for review, see Ref. 2) . Although some authors have used more specific definitions, such as hepatic encephalopathy, ascites (3), or elevated serum activity of aspartate aminotransferase or alkaline phosphatase (4, 5) , such variability in definitions has precluded an accurate overall assessment of hepatic dysfunction in critically ill patients.
Unlike ascites, transaminases, or alkaline phosphatase activity, serum bilirubin is a stable and powerful marker of hepatic dysfunction, with elevated levels reflecting impairment in the energy-consuming processes of heme metabolism, conjugation, and bile secretion (6) . Serum bilirubin is a key component of prognostic scores for patients with chronic liver disease (7) and cirrhosis (8) (including the Child-Pugh classification and the Model for End-Stage Liver Disease score) and also of prognostic models in patients with acute liver failure (9) . Bilirubin levels are also used in scoring algorithms for assessing prognosis in critically ill patients (for review, see Ref. 10) . Since clinical jaundice tends to develop only several days after hepatic injury ensues, hepatic dysfunction is traditionally considered a late event in sepsis and multiorgan failure (11) . Only comparatively small studies have specifically investigated hepatic dysfunction (12) .
Considering the pivotal and possibly underappreciated role of the liver in the pathogenesis of systemic inflammatory response syndrome, sepsis, and multiorgan failure (13) , we hypothesized that early hepatic dysfunction, in the absence of preexisting liver disease, independently increases mortality in critically ill patients. To test this hypothesis, we analyzed a large prospective database of patients admitted to Austrian multidisciplinary intensive care units (ICUs) between 1999 and 2003. The study protocol was approved by institutional review. Since no additional interventions were performed and no individualized data were analyzed, the need for individual informed consent was waived.
MATERIALS AND METHODS
Database. Data were collected by the Austrian Center for Documentation and Quality Assurance in Intensive Care Medicine (ASDI), a nonprofit organization that has established an intensive care database and benchmarking project (14, 15) . The prospectively collected data included sociodemographic data, such as age, gender, and comorbid conditions; causes of ICU admission according to a predefined list of medical and surgical diagnoses (16); severity of illness, as measured by the Simplified Acute Physiology Score (SAPS) II (17) ; numbers and severity of organ dysfunction, as measured by the Logistic Organ Dysfunction system (LOD) (18) ; level of provided care, as measured by the Simplified Therapeutic Intervention Scoring System-28 (19) ; length of ICU and hospital stay; and outcome data, including survival status at ICU and hospital discharge.
A total of 42,394 patients were admitted to the 32 ICUs during the study period. For patients who were admitted more than once (n ϭ 1,923), only the first admission was evaluated. Patients who were Ͻ18 yrs of age (n ϭ 774), those with records that lacked an entry in the field "hospital outcome" (n ϭ 460), and those without a valid SAPS II score (n ϭ 1,201) were excluded, leaving 38,036 patients for analysis (Fig. 1) .
Data Quality. To assess the reliability of data collection, we sent an independent observer to each unit to obtain SAPS II data from the clinical charts of a random sample of patients. Variance-component analyses with the random factors "units," "patients within units," and "observers within units" were performed (SAS, procedure varcomp) as previously described (14) . To assess completeness of documentation, we also calculated the number of missing variables for the SAPS II score. Additional details have been reported elsewhere (14) .
Statistical Analysis. Statistical analysis was performed using SAS software, version 9.1 (SAS Institute, Cary, NC). Unless otherwise specified, descriptive results are expressed as median and first and third quartiles. Student's t-test or Wilcoxon's rank-sum test if appropriate was used to compare quantitative variables between groups. The chi-square test was used for categorical variables. A p value of Ͻ.05 (two-sided) was considered significant. Observed-to-expected mortality ratios were calculated by dividing the number of observed deaths per group by the number of SAPS II-predicted deaths per group. Ninety-five percent confidence intervals were calculated according to Hosmer and Lemeshow (20) .
Two logistic regression models were constructed to explore the influence of several static and dynamic variables on vital status at hospital discharge (hospital mortality) as the dependent variable. Univariate analysis was performed using Student's t-tests for continuous variables and chi-square for categorical variables to assess those related to mortality. A set of predefined variables affecting ICU mortality were entered into the logistic regression models. Moreover, ICU was added as a dummy variable to adjust for the effect of different treatment centers. From univariate analysis, age, gender, diagnosis, organ failure scores, and bilirubin values Ͼ2 mg/dL within 48 hrs of admission (indicating early hepatic dysfunction) were entered as dummy variables. A second model was constructed in a similar way, but instead of the dummy variable, abnormal serum bilirubin values were entered as 6 different strata (mg/dL): 0 -1 (reference level), Ͼ1-2, Ͼ2-3, Ͼ3-6, Ͼ6 -10, and Ͼ10.
To test the validity of the findings from the logistic regression analysis, we further investigated independent associations between early hepatic failure and mortality using a casecontrol design. After patients with preexisting cirrhosis or acute hepatic failure-which are known to have increased mortality-had been excluded from the population of patients with bilirubin Ͼ2 mg/dL, patients with early hepatic dysfunction were identified (n ϭ 4,146). For each of these patients, a control patient was chosen, using gender, age (Ϯ5 yrs), and bilirubin-corrected SAPS II scores (calculated as original SAPS II score minus the allocated bilirubin points) as matching criteria. Matching controls were found for all but eight patients. ICU was used as an additional matching criterion to minimize the influence of ICU-specific factors on prognosis. Matching controls from the same ICU were found for 3,942 patients. Conditional logistic regression was then performed to show the influence of early hepatic dysfunction on mortality.
RESULTS
A total of 38,036 consecutive ICU admissions were included in the cohort (Table 1). Data quality was satisfactory with respect to both completeness of records and interrater variability. The median number of missing variables necessary for the calculation of the SAPS II was 0 (interquartile range, 0 -2). Interrater quality control indicated an excellent grade of agreement: For all tested variables, practically no deviations between the observers were detected, the contribution to the variability being Ͻ1%.
Types of ICU admission were medical and neurologic disorders in 16,879 patients, elective surgery procedures in 12,498, and emergency surgery in 8,559. One hundred patients (0.3%) were not classified for admission type. Preexisting cirrhosis was present in 691 patients (1.8%), and 108 patients (0.3%) were admitted with either acute (n ϭ 40) or acute-on-chronic hepatic failure (n ϭ 68). After both groups were excluded, 4,146 patients (10.9%) with early hepatic dysfunction (serum bilirubin Ͼ2 mg/dL within 48 hrs of admission) were identified. Patients with early hepatic dysfunction differed from other patients in most baseline characteristics and were more likely to be admitted after surgery, in particular emergency surgery. They showed an increased severity of illness, a higher level of treatment, and an increased length of stay in the ICU (Table 1) . Both raw and risk-adjusted hospital mortality rates were significantly higher in patients with early hepatic dysfunction compared with patients without early hepatic dysfunction. Model A of the logistic regression demonstrated that effects of early hepatic dysfunction independently increased mortality (odds ratio, 1.863; 95% confidence interval, 1.707-2.034, p Ͻ .001) and exceeded the mortality effects of all single extrahepatic organ dysfunctions ( Table 2) . As demonstrated in the logistic regression model B, risk-adjusted mortality rates increased (p Ͻ .001) with increasing levels of serum bilirubin, even after adjustment for the severity of illness and different ICUs (Table 3, Fig. 2 ). The size of the different bilirubin strata and their relationship to crude hospital mortality are shown in Table 4 , demonstrating that even a slight increase in bilirubin was associated with a marked reduction of survival. Inclusion of admission type did not improve the overall fit of the model (data not shown).
To further test the validity of our findings and explore the influence of early hepatic dysfunction on hospital mortality, we performed a case-control study using a matching algorithm as detailed previously. Patients developing early hepatic dysfunction were more severely ill (Table E1 , electronic data supplement) and differed with respect to the reasons for admission (Table E2 , electronic data supplement) and comorbid conditions (Table E3 , electronic data supplement). Confirming results from the cohort study, conditional logistic regression analysis in the case-control study matched for age, gender, treatment center effects, and severity of illness showed a relative mortality risk of 1.65 (95% confidence interval, 1.46 -1.86) in patients with early hepatic dysfunction.
DISCUSSION
In this large cohort study, early hepatic dysfunction occurred in 11% of critically ill patients and was a strong predictor of inhospital death. Both logistic regression and conditional logistic regression using a casecontrol design demonstrated independent and substantial effects of early hepatic dysfunction on mortality that exceeded those of traditional predictors of death, including circulatory, renal, and central nervous system dysfunction. Consequently, early hepatic dysfunction should be recognized as a major independent prognostic factor in critically ill patients.
Our results confirm those of smaller studies reporting worse survival for several groups of critically ill patients with impaired hepatic function. A recent study using the same definition as we did (serum bilirubin Ͼ2 mg/dL) reported hepatic dysfunction to occur in 31% of ICU patients and showed the independent roles of severe shock, sepsis, positive endexpiratory pressure ventilation, and major surgery as promoting factors (12) . Similar to our results, the risk of death in acute critically ill patients was more closely related to liver dysfunction than to the acute physiology component of the Acute Physiology and Chronic Health Evaluation II score. In trauma patients, hepatic dysfunction was an independent predictor of increased ICU length of stay and mortality, irrespective of the presence or absence of additional renal dysfunction (21) . Hepatic derangement, including high peak alanine aminotransferase levels, was also identified as an independent predictor of severe illness and worse clinical outcome in patients with severe acute respiratory syndrome (22) . Confirming our findings, the Marshall multiple organ dysfunction score (23) and further scores from the surgical literature (24) recognized hepatic dysfunction as an important factor of mortality in surgical patients. Abdominal surgery, with its implications for intestinal motility and perfusion, could also contribute to postoperative hepatic dysfunction (12, 25, 26) . Although surgical patients represented the largest proportion of our patients with early hepatic dysfunction, logistic regression analysis revealed no direct effect of surgery on the development of early hepatic dysfunction and an even reduced risk with elective surgery. Rather than resulting from the surgical trauma itself, liver dysfunction could be due to development of postoperative systemic inflammatory response syndrome, whose severity at day 2 after operation correlates with organ dysfunction, length of stay, and mortality (27) .
The results of our study, which specifically addressed the clinical and prognostic implications of early hepatic dysfunction in a large multidisciplinary cohort, prove that hepatic dysfunction is not necessarily a late organ dysfunction (18) but has a high incidence early in the course of critical illness. Such early development of hepatic dysfunction is supported by pathophysiologic data: Canalicular bile secretion is reduced within minutes of experimental endotoxemia (28) , and impaired biliary secretion may be considered the main component of early hepatic dysfunction in sepsis and the systemic inflammatory response syndrome (6) . There is increasing evidence that the liver plays a major role in modulating the systemic inflammatory response to sepsis, as hepatocytes and hepatic macrophages synthesize and release acute-phase proteins and cytokines (13) . The liver contains most of the macrophages of the body, clearing endotoxin and bacteria from the splanchnic area. Bacterial translocation in liver dysfunction is associated with spillover of endotoxin and bacteria and thus exerts a substantial impact on systemic inflammation (29) .
Both clinical and experimental data suggest that hepatic ischemia and hepatotoxic actions of inflammatory mediators such as cytokines or nitric oxide (30) are major etiological factors for the development of early and late hepatic dysfunction. Jaundice in critically ill patients is traditionally associated with infectious complications, occurring in as many as 63% of patients with septic shock (31) . Serial bilirubin determinations have been used as a prognostic marker in persisting infection (32) , and jaundice was associated with bacterial infection in patients after cardiac surgery (33) . Bilirubin itself could be causally related to sepsis development: Because of its antioxidative properties, bilirubin impairs the bactericidal activity of neutrophils and reduces bacterial killing rates in a dose-dependent manner in vitro (34) . In critically ill patients, side effects of parenteral nutrition, steatosis, drug toxicity, ischemic cholangiopathy, or secondary sclerosing cholangitis may additionally contribute to development of hyperbilirubinemia and hepatic dysfunction.
Our results are at odds with those of a previous study in critically ill patients: Le Gall and coworkers (18) suggested that hepatic failure, scoring a maximum of 1 LOD point, was not associated with mortality by itself, but only in association with the dysfunction of the other organ systems. A possible reason for this discrepancy could be that the LOD study collected data at admission, whereas our database included pathologic variables for up to 48 hrs, allowing us to detect early hepatic dysfunction more accurately. Moreover, advances in the treatment of extrahepatic organ failures between completion of the LOD trial and this study (35, 36) may have increased the relative contribution to mortality of hepatic fail- ure, where no comparable therapeutic advances have been made (37) . Also, a subanalysis of the Sequential Organ Failure Assessment score study found no independent effect of hepatic dysfunction on mortality, whereas circulatory function had the most significant effect (11) . It is conceivable that circulatory failure is more directly related to mortality in patients developing multiorgan failure after 48 hrs; this could have obscured the effects of early hepatic dysfunction. Moreover, differences in design (the Sequential Organ Failure Assessment study assessed morbidity in a multinational setting) (38) and statistical power (in that study, only 272 patients developed hepatic failure) might have contributed to the different conclusions in the two studies.
There are several limitations to the current study: First, we were unable to retrieve bilirubin levels later than 48 hrs of admission and therefore cannot calculate the incidence of late hepatic failure. As hyperbilirubinemia may occur as late as 2-3 days after hepatic injury, future studies including patients with prolonged ICU stays will make it possible to assess serial changes in serum bilirubin and to analyze their impact on prognosis (39) . Second, we were unable to identify the exact causes of death in patients with hepatic failure. Given the vast implications of hepatic failure on immunologic, renal, and circulatory dysfunction, it can be assumed that the majority of deaths occurred from septic shock with multiorgan failure, the current leading cause of mortality in ICUs. The low incidence of shock at admission (Table 2) could be due to our policy to record only the most specific admission diagnosis. Third, increased heme turnover due to transfusions might have contributed to a spuriously high incidence of early hepatic dysfunction in surgical patients. As demonstrated, prognostic effects of early hepatic dysfunction were equally pronounced in patients with nonsurgical conditions and were detected over the whole range of disease severity, making a major role of transfusion unlikely. A direct role of hemolysis is also refuted by late development of hyperbilirubinemia in trauma patients despite transfusion requirements early after trauma (21) . Finally, we cannot exclude the possibility of occult cirrhosis in a proportion of patients developing early hepatic dysfunction as a contributing factor to increased risk of sepsis, respiratory failure, and mortality.
CONCLUSIONS
Early hepatic dysfunction occurred in 11% of critically ill patients and predicted an excess risk of death, even after adjustment for illness severity. Given the vast number of metabolic, regulatory, and immunologic functions performed by the liver, early hepatic dysfunction has widespread pathophysiologic implications and should be recognized as a major independent risk factor in critically ill patients. The strong prognostic role of early hepatic dysfunction should foster research into liver-protecting strategies, as these could have a significant effect on mortality. 
